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The hydration of doubly protonated gas-phase ions of gramicidin S formed by electrospray 
ionization was investigated. Under “gentle” electrospray conditions, a near Gaussian distri- 
bution of (M + 2H + nH?O)‘+ . ions with n up to 50 can be readily formed. These exten- 
sively hydrated gas-phase ions should have structures similar to those in solution. For 
intermediate extents of hydration, the “naked” or unsolvated ion is present in unusually 
high abundance. This is attributed to a competition between solvation of the charges by 
water vs intramolecular self-solvation via hydrogen bonding. In addition, “magic” numbers 
of attached water molecules are observed for n = 8, 11, and 14. These magic numbers are 
attributed to favorable arrangements of water molecules surrounding the charge and surface 
of the peptide in the gas phase. These results are indicative of a gentle stepwise transforma- 
tion from the solution-phase structure of the ion to the preferred gas-phase structure 
as solvent evaporates from the hydrated ions. (J Am Sot Mass Spectrom 1997, 8, 565-568) 
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T he study of hydrated gas-phase ions provides a bridge between the intrinsic chemistry of an iso- lated ion and its chemistry in solution. Singly 
and doubly charged water clusters, as well as hy- 
drated clusters of inorganic and small organic ions, 
have been extensively investigated [ 1 - 141. However, 
little has been reported on the properties of hydrated 
gas-phase biomolecule ions. Using a heated metal cap- 
illary electrospray interface, Chowdhury et al. [15] 
observed hydrated ions under gentle sampling condi- 
tions. Molecular ions of bradykinin with as many as 28 
attached water molecules were formed. The unsol- 
vated molecular ion was the most abundant ion under 
all reported conditions. Similar results by Smith and 
Light-Wahl [ 161 showed that a distribution of hydrated 
somatostatin ions could be produced, although the 
maximum individual intensities in this case were only 
- 4% that of the unsolvated ion. Klassen et al. [2b] 
measured the hydration free energies of several small 
peptides. A value of 5.8 kcal/mol was reported for a 
single water molecule bound to Gly,H+. In contrast, 
the hydration free energy of n-C,H,,NHi is 8.5 
kcal/mol. The lower value for Gly4H* was attributed 
to effects of intramolecular hydrogen bonding or 
“self-salvation” that competitively solvates the charge. 
Address reprint requests to Professor Evan R. Williams, Department 
of Chemistry, University of California, Berkeley, CA 94720. 
Here, we show that hydrated gramicidin S (M + 2H + 
nH,O)‘+ ions with n up to 50 can be readily formed 
from a pure aqueous solution by electrospray ioniza- 
tion. The distribution at intermediate extents of hydra- 
tion is attributed to competition between solvation of 
the charge by intramolecular interactions and solvation 
by water. Moreover, “magic” numbers of water 
molecules attached to the molecular ion are observed, 
consistent with unusually stable arrangements of sol- 
vent molecules around both charges and the surface of 
the peptide. These results indicate that a gentle step- 
wise transformation from the structure of the ion in 
solution to that in the gas phase occurs as solvent 
evaporates. 
Experiments were performed on a quadrupole mass 
spectrometer with a home-built electrospray ionization 
source similar in design to that described previously 
[17a]. This source has two differential mechanically 
pumped stages and a 12 cm heated stainless steel 
capillary (0.50 mm i.d.). Ions from the source are guided 
into a quadrupole mass analyzer (5989 X HP mass 
spectrometer) through a 29.2 cm long octopole ion 
guide (2.3 MHz, 250 V p-p, 0 V dc offset). The electro- 
spray interface conditions were optimized for produc- 
tion of the hydrated ions. Calculations were done us- 
ing the Insight II molecular modeling package, v.2.3.0 
(Biosym Technologies, San Diego, CA). Dynamics cy- 
cles and structure minimization were performed using 
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Discover ~2.9 with the CFF91 force field. A dielectric 
of 78 was used to simulate an aqueous environment. 
Figure la shows a mass spectrum of gramicidin S 
with the capillary temperature at 419 K. A near-Gaus- 
sian distribution of (M + 2H + nH,0)2i ions is ob- 
served centered at n = 35. Under these conditions, 
both protonated and sodiated water clusters are ob- 
served at lower mass (Figure 2). As the temperature of 
the capillary is increased, the extent of hydration of the 
molecular ions decreases (Figures lb-f). Between 
435-455 K, ions with 8, 11, and 14 water molecules 
attached have anomalously high abundance. Such 
“magic” numbers are indicative of ions with greater 
stability. At 464 K, the naked (M + 2Hj2’ ion is the 
most abundant ion, but a significant distribution of 
hydrated ions is also observed. At even higher temper- 
atures, the abundance of the water attached ions de- 
creases steadily. Finally, at temperatures above 501 K, 
only naked molecular ions are observed. No singly 
protonated molecular ions are observed under these 
experimental conditions. 
Although the electrospray interface parameters in- 
fluence these spectra, magic numbers were observed 
under all conditions in which ions with intermediate 
extents of hydration were formed. Similar spectra were 
also observed using microelectrospray. In order to 
evaluate the reproducibility for formation of these 
magic numbers, twelve spectra were recorded at a 
temperature where these ions were observed. In this 
experiment, the abundance ratios of ions with n = 14 
to n = 13 (14/13) and 14/15 were 1.31 + 0.07 and 
1.9 + 0.1, respectively. These results clearly demon- 
strate that n = 14 has a greater stability than either 
n = 13 or 15. Similarly, the ratio of 8/7 and ll/lO was 
1.8 + 0.1 and 1.51 f 0.06, respectively. For the water 
clusters (Figure 2), the ratio of 21/20 observed in these 
experiments is 1.7. Both experimental [18a] and theo- 
a 
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Figure 2. Electrospray ionization mass spectrum of H+(H,O), 
and Na+(H,O), (0) under the same conditions as Figure la. 
retical [18b] results indicate that the cluster corre- 
sponding to n = 21 has a clathrate structure which is 9 
kcal/mol [18b] more stable than that for n = 20. By 
comparison, the increased relative abundance of the 
gramicidin S ions at n = 8, 11, and 14 suggests that 
these ions are of comparable increased stability. 
The structure of gramicidin S in solution has been 
extensively studied [19]. The two charged omithine 
residues (R = - (CH,),NH:) extend into solution on 
the same side of the peptide and are separated by 
about lo-15 A [19b]. Minimized structures we obtain 
by molecular modeling are consistent with these con- 
densed-phase data (Figure 3a). Both calorimetry mea- 
surements and molecular dynamics simulations of hy- 
drated proteins indicate that only a limited number of 
water molecules are required to give a dominant sol- 
vent effect [20]. For example, calorimetry measure- 
ments indicate that lysozyme is fully hydrated by 
w 38% water by weight [20b]. Similar results have 
Figure 1. Electrospray ionization 
mass spectra of hydrated gramicidin 
S (M + 2H + nH20)‘+ ions at dif- 
ferent capillary temperatures (n and 
temperature labeled on spectra). Ions 
are formed from a 2 x 10e4 M 
aqueous solution at a flow rate of 1.0 
pL/min. Impurities 14 Da above 
and below the mass of gramicidin S 
are denoted by *. The total ion 
intensity in spectra (a) through (e) 
normalized to the unsolvated ion 
intensity in (f) is 6, 36, 40, 41, and 
82%, respectively. 
449 K 
600 800 1000 
mLz 
cl 464K 
(2M+ K + nH20)3+ 
,‘.‘,,“,‘,““l-“,‘...t 
e ((M + 2H)2+ 485 K 
(2M f, 2H + K)3+ 
660 800 Id00 
ml2 
J Am Sot Mass Spectrom 1997, 8, 565-568 HYDRATION OF GASI’HASE GRAMJCIDIN S IONS 567 
been reported for carboxymyoglobin [2Od]. In the case 
of gramicidin S, 38% corresponds to - 24 water 
molecules and suggests that the hydrated gas-phase 
peptide ions in Figure la have structures similar to 
those in solution. The near-Gaussian distribution of 
(M + 2H + nH,O)‘+ ions at higher extents of hydra- 
tion indicates that the hydration energy for these large 
clusters has reached a constant value, consistent with 
fully hydrated ions. 
The magic numbers observed at intermediate ex- 
tents of hydration are consistent with more ordered 
and energetically preferred structure or structures of 
water around the peptide ions. The exact nature of 
these structures is speculative. However, molecular 
modeling of CM + 2H + 14H,O)‘+ indicates that 3-4 
water molecules surround each charged omithine side 
chain and the remaining water molecules form both 
hydrogen bonded bridges to (Scheme 1) and networks 
along the peptide surface. 
Because gramicidin S is a symmetrical cyclic 
molecule [(-Pro-Val-Orn-Leu-D-Phe-)Z], stable clusters 
at even numbers are expected if these charges do not 
interact. The magic number observed for n = 11 indi- 
cates that both charges may interact, possibly through 
a solvent “bridge” between them. In such a structure, 
both charges would be closer together but would be 
more effectively solvated by the water molecules. Ions 
with n = 8 and 11 could also be formed by consecu- 
tive loss of neutral water trimer molecules. The en- 
hanced stability of the water trimer, which has three 
intramolecular hydrogen bonds [21], may overcome 
the disfavorable entropy of this process. 
In the absence of water, the two protonated or- 
nithine side-chain residues are hydrogen bonded or 
self-solvated by carbonyl oxygens of the peptide back- 
bone [17] (Figure 3b). As solvent molecules evaporate 
from the hydrated cluster, a competition exists be- 
tween solvating the charges with increasingly fewer 
water molecules and intramolecular self-solvation. The 
low abundance of ions with less than six water 
molecules relative to the unsolvated ion at intermedi- 
ate temperatures suggests that solvation of both 
charges by fewer than six water molecules is less 
favorable than self-solvation by the naked ion. Thus, 
when the number of solvent molecules is below three 
or four per charge, rapid ejection of water molecules 
would occur, which results in the low abundance of 
these ions. 
The hydrated ions could be formed directly by the 
electrospray process [22] or by solvent condensation on 
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Figure 3. Representative low energy structures of gramicidin S 
(M + 2H)‘+ ions in (a) water and (b) vacuum obtained by 
molecular modeling using a dielectric constant of 78 and 1.0, 
respectively. Intramolecular hydrogen bonding is indicated by 
dashed lines. 
naked ions. We are unable to unambiguously deter- 
mine which process occurs in this experiment. How- 
ever, it seems unlikely that naked ions could be formed 
directly from charged droplets and then subsequently 
become extensively hydrated. The hydration process 
should be reversible, although condensation on naked 
ions would require simultaneous interactions with 
multiple water molecules to overcome the effects of 
intramolecular self-solvation. Thus, these results show 
the process of formation of naked peptide ions from 
highly hydrated clusters and are consistent with earlier 
results that indicate that the maximum charge state of 
ions formed by electrospray ionization is determined 
by the relative gas-phase charge transfer reactivity of 
the ion and solvent [23]. 
In conclusion, the transformation from extensively 
hydrated to naked gramicidin S (M + 2Hj2+ ions is 
illustrated. The unusual relative abundance of solvated 
and naked ions at intermediate extents of hydration is 
attributed to a competition between solvation of the 
charge by the attached water molecules versus in- 
tramolecular self-solvation. We believe that this is the 
first report of magic numbers of solvent molecules 
attached to a peptide molecular ion. These magic num- 
bers depend on the extent of hydration and are indica- 
tive of a gentle transformation from the solution-phase 
to the gas-phase ion structure. In combination with 
tandem mass spectrometry and spectroscopic methods, 
the structure and kinetic stability of these hydrated 
clusters with different number of water molecules at- 
tached could be probed. From such experiments, it 
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should be possible to elucidate the role of water in the 
structure and conformation of biomolecules. 
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